Introduction
Soil water is a key element in partitioning of surface energy fluxes into plant transpiration and soil evaporation (Vogel et al., 2017) . It controls the global net biomass productivity and couples energy and biogeochemical budgets by the establishment and maintenance of natural and agricultural ecosystems (Wang et al., 2012; Pinheiro et al., 2018; Minasny and McBratney, 2018) . Soil water availability to crops can be estimated using simple empirical formulations based on the upper and lower limits of available soil water, commonly defined solely on pressure head values, and thus relegating the dynamic process of soil water flow in the unsaturated zone. On the other hand, the same empirical formulations can acquire an increased physical meaning if their pressure head threshold values are calculated taking into consideration properties and variables that control the root water uptake process (e.g., the hydraulic conductivity and hydraulic conductivity gradients, together with the spatial root distribution and the atmospheric energy demand). Alternatively, robust simulations of soil water availability while dynamically linking soil-plant-atmosphere processes by the implementation of state-of-the-art vadose zone hydrology models such as Hydrus-1D (Šimůnek et al., 2016) and SWAP (Kroes et al., 2017) are highly desired. In either way, both approaches are dependent on the accurate assessment of soil hydraulic properties (SHP).
The traditional method to obtain soil water retention properties is based on establishing a hydrostatic equilibrium between a soil sample and a porous medium such as a filter paper, fine sand, or a porous ceramic, at a certain pressure head. In soil physics labs around the world, various equipment such as sand boxes, tension tables, and pressure plates are commonly used to subject an initially saturated soil sample to a series of gradually decreasing pressure heads (Cresswell et al., 2008; Bittelli and Flury, 2009 ). The obtained data pairs θ(h) of pressure heads, h, and soil water contents, θ, are then fitted using some selected analytical model of the soil-water retention function (e.g., Brooks and Corey, 1964; Campbell, 1974; van Genuchten, 1980; Durner, 1994; Groenevelt and Grant, 2004) . Although this method does not provide any information about the unsaturated soil hydraulic conductivity, K(θ), a common practice in many vadose zone hydrological studies is to adopt the Mualem (1976) capillary bundle model together with independent measurements of the saturated hydraulic conductivity, K s , and assign a pore connectivity value (λ) of 0.5 as found by Mualem (1976) . However, this practice subjects simulations of soil hydrology-related processes to large uncertainties (Schaap and Leij, 2000; Vereecken et al., 2010) , especially in the dry and wet ranges of soils with regular and hierarchical pore geometry, respectively.
Models that deal with root water uptake in a detailed manner by numerically solving the Richards equation with a root water uptake sink term are highly dependent on unsaturated hydraulic conductivity functions in the dry range (Javaux et al., 2008; de Jong van Lier et al., 2008 Cai et al., 2018) and require special attention to soil hydraulic parameterization. One way to reduce the uncertainty caused by the determination of SHP is to assess soil water retention and unsaturated hydraulic conductivity simultaneously. A well-established method to do so is to use the inverse parameter estimation of transient water flow experiments (e.g., Šimůnek et al., 1998; Peters et al., 2015) . The evaporation method is one of the most popular transient flow experiments. Several modifications of this method have been proposed (e.g., Wind, 1968; Schindler, 1980; Wendroth et al., 1993; Šimůnek et al., 1998; Durner and Iden, 2011) since its introduction by Gardner and Miklich (1962) . In general, the laboratory evaporation method uses tensiometers that are inserted horizontally or vertically in a soil core that is placed on a balance. While tensiometers are used to measure temporal variations of the pressure head in the soil core, a balance is used to determine temporal variations of the actual evaporation rate. The method is usually limited by the operation range of tensiometers (commonly h > −10 m). Another drawback besides the narrow operation range are constrained measurements in a thin soil layer around tensiometer ceramic cups, which are relatively large compared to the small soil sample. The contact between sensors and soil may also be limited, especially in soils that shrink and swell due to a high clay content or organic matter.
Measurements of the soil water content during evaporation experiments using gamma-ray beam attenuation, a non-invasive technique with high spatial resolution and allowing the use of the same soil samples throughout the entire process (Luo and Wells, 1992; Oliveira et al., 1998; Pires et al., 2005; Lobsey and Rossel, 2016) , can represent an alternative approach to conventional measurements of the soil water pressure head. The main objectives of this study thus are a) to investigate this alternative method for the determination of SHP in soil samples, b) to interpret the resulting SHP with respect to crop water availability, and c) to compare crop water availability obtained using a proposed "dynamic" method with that determined using the conventional criteria of "static" pressure head values that define field capacity (FC) and the wilting point (WP).
Material and methods

Sampling sites
Eleven sampling sites under several land use types and covering a broad spectrum of soil textures typical of a subtropical humid climate zone (Köppen Cwa) in the southeast of Brazil were selected for this study ( Fig. 1 and Table 1 ). Sampling sites can be grouped together according to location where each group of sites (1,2), (3,4), (5,6), (7, 8) , and (9,10,11) represents different land uses on nearby and similar soils. Five undisturbed soil cores (stainless steel cylinders with a height of 7 cm and an internal diameter of 7.4 cm) were collected from two depths (between 0 and 0.15 m and between 0.3 and 0.45 m) at each site. The middle point of the cylinder length corresponds to the middle depth of each interval. These sampling depths were selected based on general root length density (RLD) observations performed by de Willigen and Van Noordwijk (1987) , who showed that for the majority of crops the most relevant root zone for root water uptake occurs between the soil surface and a depth of 0.4 m.
Evaporation experiments
Evaporation experiments were carried out in the lab to determine unsaturated soil hydraulic properties of each sampled soil layer using the undisturbed samples. For each soil layer, five replicates were slowly saturated by capillarity from bottom to top using a 0.01 mol L −1 CaSO 4 solution. Once full saturation was reached, the sample bottom was sealed with plastic foil, the soil samples were weighed, and the first measurements of the soil water content were made by determining the attenuation of a collimated gamma-ray beam at five vertical positions, 10, 15, 20, 35, and 50 mm below the soil sample surface. These measurements were performed twice at each vertical position, with the sample being turned by 90°between measurements (Fig. 2 ). Samples were weighed and soil water contents recorded according to this protocol each 24 h. The evaporation experiment was ceased when the weight change during a 24-h period became negligible (< 1 g d −1 , corresponding to an average water content reduction less than 0.0035 m 3 m -3 d −1 ), which usually took about three to four weeks. At the end of the experiment, the final water content of the soil cores was determined by oven drying at 105°C. Gamma-ray attenuation is a well-stablished technique that can be used for measuring soil-water content. Its advantages include the applicability to the entire range of water contents and a high accuracy. As no sensor needs to be inserted inside the soil core, there is no alteration at all of the sample structure (Pires et al., 2005) . Additionally, unlike many other measurement techniques, it does not require calibration for each soil.
In this study, a collimated gamma-ray source of 137 Cs with radioactivity of 11.1 GBq and an energy peak of 661.6 keV was used. The source was coupled with a NaI(Tl) scintillation detector (7.62 × 7.62 cm), which was attached to a photomultiplier tube. A photon counter was interfaced with a computer, which stores data automatically. Circular collimators were adjusted and aligned between a source (diameter 3 mm) and a detector (diameter 4.5 mm). More details about the used gamma-ray attenuation device can be found in Pires et al. (2005) .
The soil core was positioned between the source and the detector. The gamma-photons passing through the sample were counted by the detector for 20 s and expressed as photon beam intensity I (m −2 s -1
). The volumetric soil water content, θ, was calculated using the BeerLambert attenuation law (Wang et al., 1975) :
where
) is the photon beam intensity crossing the experimental unit with oven-dry soil (corresponding to the same soil cores used during the evaporation phase); μ w (m 2 kg -1
) is the mass attenuation coefficient of the water fraction for the corresponding radiation energy, ρ w (kg m -3 ) is the water density, and x (m) is the thickness of the soil sample.
Hypothetical experiments
The determination of SHP from a conventional evaporation experiment usually relies on pressure heads, h(t), measured using tensiometers at selected positions in a soil sample. These pressure head measurements are used to define the objective function to be minimized during the inverse parameter optimization process. In our experimental setup, tensiometer readings were replaced with gamma-ray attenuation measurements, resulting in water contents rather than pressure heads. To evaluate the performance of the inverse parameter optimization process when the objective function (Φ, a sum of squared deviations between measured and simulated values) is defined in terms of soil water contents versus time, θ i (t i ), rather than in terms of conventional pressure heads versus time h i (t i ), a hypothetical evaporation experiment was simulated using Hydrus-1D.
The sample geometry and measurement positions in the hypothetical experiment were the same as in the real experiment. Water content and pressure head measurements, θ i (t i ) and h i (t i ), respectively, were simulated for five positions in a 7 cm high soil column and at potential evaporation rate of 0.25 cm d −1
. The true parameter values of soil hydraulic properties of Clay and Sandy Loam were obtained from the ROSETTA module (Schaap et al., 2001) . To make the virtual dataset more realistic, a normally distributed noise with a zero mean and a standard deviation of 1 cm was superimposed on the virtual dataset h i (t i ), similarly as done by Peters and Durner (2008) . The perturbed h i (t i ) values were then converted to θ i (t i ) using the true sets of soil hydraulic parameters.
Inverse parameter optimization
Both laboratory and hypothetical soil evaporation experiments were evaluated using the Hydrus-1D software package (Šimůnek et al., 2016) , which simulates one-dimensional variably-saturated water flow in porous media by numerically solving the Richards equation. Hydrus- 1D additionally implements the Marquardt-Levenberg parameter estimation method for inverse optimization of soil hydraulic parameters. This method is a gradient-type minimization one, which is sensitive to the initial estimates (Abbaspour et al., 2001) .
Unsaturated soil hydraulic properties were assumed to be described by the analytical K-θ-h functions defined by the van Genuchten-Mualem model (Mualem, 1976; van Genuchten, 1980) : ) is the unsaturated hydraulic conductivity. Six parameters define the SHPs and will be referred to as the VGM parameters: θ r (residual water content), θ s (saturated water content), K s (saturated hydraulic conductivity), and shape parameters α (m -1 ), n, and λ. The upper and lower water flow boundary conditions were set as atmospheric and constant (zero) flux boundary conditions, respectively. In the analysis of laboratory experiments, the surface evaporation flux was calculated for each time interval from the observed mass difference over a time interval and used as a time-variable boundary condition. In the analysis of hypothetical experiments, the constant potential evaporation rate of 0.25 cm d −1 was used as the upper boundary flux.
Soil water contents measured at five positions versus time were included in the objective function Φ to be minimized by Hydrus-1D in the analysis of laboratory experiments. In the analysis of hypothetical 
Fig. 2. Schematic illustration of the gamma attenuation measurement protocol (5 heights and 2 rotations).
E.A.R. Pinheiro, et al. Agricultural Water Management 216 (2019) 294-305 experiments, the perturbed θ i (t i ) and h i (t i ) were used separately to define the objective function Φ. In the case when Φ was defined using h i (t i ), the final total water volume in the soil sample was included in Φ as well, in order to position the retention curve along the θ axis (Šimůnek et al., 1998) .
To avoid physically unrealistic estimates in the analysis of laboratory experiments, the initial set of soil hydraulic parameters was selected using the neural network module ROSETTA (Schaap et al., 2001) and the parameters optimized using data obtained from pressure plate apparatus experiments. For both soil evaporation experiments (laboratory and hypothetical), the five optimized VGM soil hydraulic parameters were: θ s , α, n, K s , and λ. The residual water content, θ r , was set equal to the final measured value of the soil water content, when the soil was close to air-dry. For the laboratory experiment, a set of hydraulic parameters was estimated for each of the five replicates. To transform these five sets of parameters into a single set, the optimized VGM parameters for each replicate were used to generate 100 values of K and θ in the pressure head observation range (from −150 to −0.1 m). The resulting 500 data pairs were then processed using the RETC software (van Genuchten et al., 1991) to generate a unique hydraulic parameter set for each soil layer.
Further verification of the accuracy of the optimized soil hydraulic parameters
The mean water content values of the soil cores calculated from the sample weight change over time were compared with the simulated mean water content values for the same time intervals. The mean water content simulated by the Hydrus-1D was obtained by dividing the volume of water in the entire flow domain by the column height. The accuracy was quantified using the Nash-Sutcliffe efficiency (NSE) and root mean squared error (RMSE) coefficients:
respectively, where n is the number of data points, θ i is the measured value of the mean water content in the soil column at time t i , * i is the corresponding simulated value by the Hydrus-1D, and i is the mean value of the water content over the entire experiment.
Crop water availability
The optimized soil hydraulic parameters were used to predict the total and readily available water (TAW and RAW, respectively) of the analyzed soils. The threshold values for calculating crop water availability are customarily defined as the water content at field capacity (θ fc ), the upper limit of TAW and RAW, the limiting water content (θ lim ), the lower limit of RAW, and the water content at wilting point (θ wp ), the lower limit of TAW. Values of θ fc , θ lim , and θ wp are commonly calculated using fixed pressure heads. Common pressure head values used to assess field capacity h fc are −3.3 m or −1.0 m, for h lim are between −2.0 m and −10 m (Taylor and Ashcroft, 1972) , and for h wp are most commonly assumed equal to −100 m or −150 m.
The approach of determining water content values for field capacity and critical and wilting point conditions based on fixed pressure heads will be compared with their estimation using "dynamic" criteria. The water content at field capacity, θ fc , can be determined by simulating a drainage experiment without plants, rainfall, and evaporation using a flux density criterion of 1 mm d −1 (e.g., Twarakavi et al., 2009) The limiting water content, θ lim , and the water content at wilting point, θ wp , can be related to the matric flux potential M, a convenient property in detailed studies on root water uptake (Raats, 1977; de Jong van Lier at al., 2008; Pinheiro et al., 2018 
Pinheiro et al. (2018) proposed to determine the limiting soil hydraulic condition as the onset of the falling rate phase of transpiration. ) are the thickness and active root length density (RLD) for layer i. The value of an empirical constant p was calibrated to be equal to 5.3 when using h ref = −150 m by Pinheiro et al. (2018) . To calculate M lim using Eq. (7), the following hypothetical scenario with an active RLD decreasing with depth is defined: . The value for factor f = 0.01 is arbitrary, but was considered reasonable since a residual transpiration is maintained due to epidermal conductance (water loss through incompletely closed stomata and cuticular conductance) when the soil available water has been completely depleted (Sinclair and Ludlow, 1986; Sinclair et al., 2005) . As discussed in Sinclair and Ludlow (1986) , this residual transpiration can vary considerably among species.
M is uniquely correlated to θ and h. The M-θ-h relations are available for several standard soil hydraulic property models (including the van Genuchten functions) and M lim or M wp can be easily converted in corresponding values of water contents or pressure heads. Table 2 shows the overall performance of the parameter optimization with the objective function (Φ) defined in terms of θ(t) or h(t) for selected initial parameter estimates.
Results and discussion
Hypothetical experiment
Despite the inserted noise in h(t) and θ(t) used to define the objective function Φ, the inverse solution repeatedly converged to a set of soil hydraulic parameters comparable to the original true set, producing low values of Φ and RMSE for all three initial parameter estimates. Although some optimized parameters, especially α, showed differences with original values, depending on the initial estimate, the general performance of the inverse solution was quite satisfactory. In general, both types of Φ produced similar fitted parameter values, indicating that the θ(t) dataset contains, similarly to the h(t) dataset, substantial information for the determination of SHP using the inverse optimization approach (Ritter et al., 2003; Vereecken et al., 2008; Ines and Mohanty, 2008; Bourgeois et al., 2016) . The lack of exactness for individual VGM parameters does not seem to be an essential issue (Bezerra-Coelho et al., 2018). For instance, Siltecho et al. (2015) demonstrated that individual values of the VGM parameters, especially the parameters n and K s , are highly dependent on the measurement technique. However, this individual dependency is not translated into noticeable differences in further simulations of state variables.
The highest parameter correlation was between α and n when minimizing Φ[θ(t)], and between α and K s when minimizing Φ[h(t)] (Table 3) .
Although the level of uncertainty is expected to be higher for parameters that display a high correlation (Šimůnek et al., 1998) , even these optimized parameters were close to their true values (see Table 2 ). The tortuosity factor (λ), which exhibited a relatively low correlation with the other parameters, produced the highest deviations from its true values,
both for Φ[θ(t)] and Φ[h(t)].
Initial estimates close to the true values always produced a good fit. Similar findings using the same type of Φ were reported by Šimůnek et al. (1998) and Siltecho et al. (2015) , who found that unrealistic fits can be avoided by choosing initial parameter values reasonably close to their true values.
Soil hydraulic properties of real soils
Optimized soil hydraulic parameters for all analyzed soils are given in Table 4 . A satisfactory agreement (relatively low standard errors) was observed between the replicates. This is worth noting because undisturbed soil samples taken from field sites may naturally exhibit a high heterogeneity.
The VGM description of soil hydraulic properties only accounts for the capillary water retention and conductivity (Peters, 2013) and may produce an erroneous description in the very dry range. Although the experiments were carried out for about three weeks, down to very dry conditions when daily sample weight changes reached negligible values, we did not incorporate all final measurements into Φ of Hydrus-1D. After performing several tests, we concluded that for the soil samples and laboratory conditions, 10-12 days of water content measurements were enough to reach pressure heads in the range of −140 to −180 m during the optimization process.
The only VGM parameter not fitted during the inverse simulations was θ r . In general, θ r and θ s are assumed to be easily determined by direct measurements. Once determined, they can be either introduced in the objective function in a Bayesian sense or used directly as true values, reducing the overall parameter uncertainty (Siltecho et al., 2015) . Šimůnek et al. (1998) found a high correlation between parameters θ r and n and observed a substantial improvement in the inverse solution when θ r was either inserted in the objective function or fixed at its true value. In our case, as we kept the experiment running until quasi air-dry conditions, the last recorded value of water content was set as the true value of θ r .
Regarding θ s , it may be unrealistic to consider the measured total porosity to be a proxy for θ s for field conditions, because it is very unlikely for a soil profile, or even a soil sample, to reach the state of full saturation due to water repellency and entrapped or dissolved air (Pachepsky et al., 2001; Vereecken et al., 2010) . In our experiments, a low correlation between θ s and other parameters was observed for all soils (ranging from −0.001 to 0.3) and θ s was thus kept as a fitting parameter. Fitted θ s values were similar to the measured initial total water content in the soil samples.
The λ parameter, which is related to the tortuosity and pore space connectivity, is usually assumed to be equal to 0.5 according to Mualem (1976) , but its true value is hardly ever determined over the full range of pressure heads. Since for inverse parameter optimization problems, reducing the number of fitting parameters increases the uniqueness and stability of the solution, a fixed λ of 0.5 has often been adopted in studies dealing with parameter optimization (e.g., Šimůnek et al., 1998; Siltecho et al., 2015; Brunetti et al., 2016) . Although the physical meaning of λ is frequently questioned (e.g., Vereecken et al., 2010; Peters, 2013) , the unsaturated hydraulic conductivity function (K) is highly sensitive to λ values (Van Dam et al., 1994; Schaap and Leij, 2000) , especially in the near-wilting range, and the standard practice of using fixed λ may lead to underpredictions of K and poor simulations of crop water availability (de Jong van Lier et al., 2015) . For all soil samples used in this research, fitted λ values were either zero or close to zero (Table 4) Table 3 Correlation matrix for the inverse solution for the hypothetical experiment (Clay soil) with Φ defined in terms of θ(t) and h(t). α (0.3 to 0.8) and negative correlation with n (-0.2 to -0.9) for most replicates and for all soil textures. However, the correlation with λ was low and ranged from negative to positive values. In a broad sense, the parameters n and α are empirical and determine the shape of the retention curve. Van Genuchten (1980) related α to the average pore sizes, and a larger α enhances K s . Šimůnek et al. (1998) also found a strong negative correlation between fitted K s and the parameter n for a specific scenario. The drop of the hydraulic conductivity near saturation is controlled by the n parameter to a much higher extent than by the λ parameter (Vereecken et al., 2010) . In general, several studies have shown that many uncertainties are involved in the K s fitting of Eq. (3), and similar to λ, n, and α, K s must be treated and interpreted as an empirical shape parameter (Schaap and Leij, 2000; Vereecken et al., 2010) . In fact, according to Schaap and Leij (2000) , fitted K s values are usually almost one order of magnitude lower than independent measurements of the saturated hydraulic conductivity. Eq. (3) does not account for macropore flow, which is expected to take place under pressure head values higher than −10 cm (Jarvis, 2007; Weynants et al., 2009) , and therefore, using independent measurements of the saturated hydraulic conductivity in Eq. (3) , respectively, for the fine-textured soils. Since measured values of mean water contents obtained during the experiments from weight records were not used in the objective function of the inverse solution, this good agreement indicates that the optimized sets of soil hydraulic parameters can predict transient water flow process in the evaluated soils with relatively robustness.
Using Eqs. (2) and (3) together with the optimized VGM parameters from Table 4 , water contents and hydraulic conductivities for selected values of the pressure head in the range of crop available water were calculated for the surface layer of the evaluated soils (Table 5 ). In general, the known effect of texture on the soil hydraulic behavior can be readily identified. For coarser textured soils (loamy fine sands), a sharp drop in θ and K can be observed for pressure heads close to saturation. For these soils, K at h= −150 m reaches values three to four orders of magnitude lower than for finer textured soils. In terms of root water uptake in water-limited scenarios, a non-stressed condition is attained when a local drop in the K value is compensated by an increase in the hydraulic gradient between the bulk soil and the root surface. A sharp gradient increase will force the root system to exert a very negative pressure head even when the bulk soil is still relatively wet, making the onset of the drought stress (h lim ) to occur at a less negative pressure head (de Jong van Lier et al., 2006; Pinheiro et al., 2018) . Consequently, according to results presented in Table 5 , the most restrictive surface soil layer for root water uptake is site 11, having the lowest values of K over an entire dry range of pressure heads. The importance of K for unsaturated conditions on the root water uptake process justifies the need of its determination with a good accuracy in the dry range. De Jong van Lier et al. (2015) showed in detail that without reliable soil hydraulic properties, especially K, drought stress cannot be correctly predicted in most cases.
Comparison of retention curves obtained using the pressure plate apparatus and the inverse solutions
Retention curves (RC) obtained using the inverse parameter estimation corresponded relatively well to those obtained using the pressure plate apparatus (PPA). Fig. 3 shows four examples of RC obtained using the PPA and the inverse solution together with independent pairs of h(θ) measured using a dew point device.
For the coarse-textured soils (sites 1-2 and 9-11), the two approaches produced very similar curves in the entire range of soil water contents. On the other hand, for fine-textured soils (sites 3-8), RC obtained using the PPA overestimated soil water contents in the dry range. Dew point measurements performed on independent samples subjected to a pressure head of −150 m on the PPA for 15, 30, and 100 days matched values obtained by the inverse solution, suggesting the PPA values are overestimated at lower pressure heads for fine textured soils (Fig. 3) . The three dew point measurements after different equilibrium times were practically the same. Several studies discuss errors in low pressure head values of the RC determined using the PPA, especially for fine-textured soils (e.g., Cresswell et al., 2008 ; Bitelli and Flury, 2009; Solone et al., 2012; Roy et al., 2018) . The main causes of PPA errors reported in these studies are related to a poor soil-plate contact caused by drying, as well as to a low unsaturated hydraulic conductivity. The difference between curves at near saturation was more evident for fine-textured soils. The saturation of some of the soil cores used in the PPA was up to 10-15% higher than of those (300 cm 3 ) used in evaporation experiments. Samples in evaporation experiments were about 5 times larger in volume than PPA samples, and larger samples are more representative of field conditions, i.e., more prone to water repellency and dissolved or entrapped air. According to Vereecken et al. (2010) , an accurate description of RC in the wet range remains a challenge due to regular failures in determining the soil water content close to saturation. Saturated water contents are usually measured in the laboratory on small soil samples used in the PPA or set equal to the total porosity, which is calculated from soil particle and soil bulk densities. Such values of θ s when extrapolated to transient field conditions may lead to unreliable simulations, as reported in Vereecken et al. (2010) , where discontinuities in the non-wetting phase near saturation (when air cannot access all the medium) cause worse correlations of the unsaturated hydraulic conductivity with water retention at water contents higher than 85% of the saturated value.
Crop water availability evaluated for soils and land use
Soil hydraulic properties determine all processes related to soil water flow, including drainage and flow towards roots, which is involved in crop water uptake. Nevertheless, threshold values for crop available water (commonly expressed as field capacity, a transpiration limiting condition, and a wilting point) are usually predicted using empirically fixed values of pressure head. In a more process-based and dynamic approach, Table 6 shows a direct application of soil hydraulic parameters (Table 4) to calculate pressure head thresholds that define crop water availability for a specific scenario of root length density and crop transpiration.
The pressure head at field capacity (using the 1 mm d −1 bottom flux criterion) showed a considerable variability among soils and layers, Table 5 Water contents and hydraulic conductivities for some values of pressure heads for the surface soil layer of the 11 analyzed soils (values calculated from soil hydraulic parameters in Table 4 E.A.R. Pinheiro, et al. Agricultural Water Management 216 (2019) 294-305 ranging from −1.9 m to −0.6 m. However, in general, the −1 m threshold used in the "static" approach seems to be a reasonable proxy. Transpiration limiting pressure heads vary from −1 to −8 m, which is comparable to the order of magnitude used for the value of h 3 in the Feddes et al. (1978) reduction function (see the compilation by Taylor and Ashcroft, 1972) and in the same order of magnitude as the criterion of 70-80% of θ fc (Zuo et al., 2006; Shi et al., 2015) . Pressure head values at wilting point ranged from −3 to −107 m, with a considerable variability among soils and layers. As highlighted by Bouma (2018) , the common value of −150 m for a wilting point (determined in the 1930s) does not apply for many combinations of crops and soils, where wilting may occur closer to saturation. The general effect of the "dynamic" approach can be seen when comparing the corresponding values of total and readily available water Fig. 4 . Total and readily available water (TAW and RAW) determined using "dynamic" and "static" criteria for pressure head thresholds in the 11 evaluated soils. The asterisk indicates non-existent RAW in the surface layer.
(TAW and RAW) (Fig. 4) . For fine-textured soils (sites 3-8), the TAW and RAW values calculated using the "static" pressure heads are higher, although very similar, than the values simulated using the "dynamic" approach for the chosen scenario. On the other hand, the TAW and RAW values for coarse-textured soils estimated using the "dynamic" approach are considerably lower than for the "static" method. In the surface layer of sites 10 and 11 (both coarse-textured soils), θ fc was lower than θ lim , causing a non-existing RAW. This fact (i.e., when drainage quickly produces a water content limiting transpiration) is physically plausible and may be expected in soils with a higher α and n, i.e., coarse-textured soils (soils with a high macroporosity and narrow pore-size distribution), in which drainage of water leads to a sharp drop in the pressure head. In these soils under rainfed condition, transpiration and crop growth would be always limited, except for a (short) time period immediately following rainfall. In fact, de Jong van Lier (2017) showed that a considerable fraction of crop water uptake occurs at water contents higher than field capacity, and thus a non-existing RAW does not necessary mean that the crops will always be under stress. Fig. 5 shows details about the differences depicted in Fig. 4 for site 9. Whereas pressure head thresholds determined using the "dynamic" approach take into consideration soil hydraulic properties (e.g., retention and unsaturated hydraulic conductivity), rooting characteristics, and the atmospheric demand, the "static" values are based solely on empirically determined "traditional" values, making them unable to distinguish between commonly varying features in soil, crops, and atmosphere.
The "dynamic" approach not only considers the role of unsaturated hydraulic properties, but it also allows for the direct analysis of how the transpiration rate and root length density affect the onset of drought stress. In the same soil (i.e., the same hydraulic properties), crops with a higher RLD maintain the water potential at the root surface closer to the average pressure head in the surrounding soil since the flux density toward the root surface to meet the transpiration rate is smaller, and h lim is lower, corresponding to a drier soil (de Jong van Lier et al., 2006; dos Santos et al., 2017; Pinheiro et al., 2018) . The effect of T p on the lower limits of TAW and RAW determined using the "dynamic" method is shown in Fig. 6 . Higher T p values lower the soil available water since the drought stress and the wilting point will occur closer to the upper limit of field capacity.
The effect of land use on crop water availability was more noticeable for coarse-textured soils (sites 1-2 and 9-11). For fine-textured soils, the RAW values were practically identical for the same soils with different land use. For three forest sites (4, 7, and 10), contrary to what would commonly be expected, the RAW values were very similar to the values of the neighboring soil under intensive agricultural land use. In general, forests are assumed to have higher organic matter content (Gajić, 2013) , which may affect soil hydraulic properties and enhance the soil water-holding capacity. Siltecho et al. (2015) found a negligible influence of different land uses (forest, rubber plantation, and grass) on soil hydraulic properties. Minasny and McBratney (2018) carried out a meta-analysis investigation and concluded that the effect of organic matter on total available water was very modest. These authors used "static" pressure heads to retrieve TAW, which may have biased their final conclusions. As commented by Bouma (2018) , soil-water flow in the vadose zone is a very dynamic process determined mainly by hydraulic properties, root depth, transpiration, and the rainfall pattern. Therefore, Richards-equation based models require more data, but are more powerful in combining soil, plant, and climate dynamically than models that apply a simpler approach with fixed threshold values (field capacity, limiting condition, and wilting point) for crop available water.
Conclusions
Using experimental and numerical protocols for determining soil hydraulic properties and assessing a process-based estimation of crop water availability, we conclude that:
1 An evaporation experiment performed with a non-invasive technique (gamma-ray attenuation) to measure water contents from near-saturation (∼ −0.1 m pressure head) to the dry range (∼ −150 m) allowed the determination of unsaturated soil hydraulic properties over the entire range by inverse modeling. 2 The determined soil hydraulic parameters could be employed to calculate crop available water using the traditional "static" pressure head method, as well as a multilayer "dynamic" approach. Considering a specific scenario of atmospheric demand and active root length density, the "static" and "dynamic" approaches performed similarly for the fine-textured soils. However, for the coarsetextured soils, the two approaches diverged significantly. Overall, the "dynamic" method allows incorporating important system characteristics (atmospheric demand and crop properties) and soil hydraulic properties in a transparent (process-based) way, contrarily to the "static" method. 5 . Retention curve for the surface layer of site 9, illustrating differences between typical water contents and available water (TAW and RAW) obtained using the "static" and "dynamic" pressure head approaches. 
